Mittwede PN, Xiang L, Lu S, Clemmer JS, Hester RL. Oxidative stress contributes to orthopedic trauma-induced acute kidney injury in obese rats. Am J Physiol Renal Physiol 308: F157-F163, 2015. First published November 26, 2014 doi:10.1152/ajprenal.00537.2014.-After trauma, obese patients have an increased risk of developing acute kidney injury (AKI). We have demonstrated that obese Zucker (OZ) rats, but not lean Zucker (LZ) rats, develop AKI 24 h after orthopedic trauma. ROS have been implicated in the pathophysiology of AKI in models of critical illness. However, the contribution of ROS to trauma-induced AKI in the setting of obesity has not been determined. We hypothesized that AKI in OZ rats after trauma is mediated by increased oxidative stress. Male LZ and OZ rats were divided into control and trauma groups, with a subset receiving treatment after trauma with the antioxidant apocynin (50 mg/kg ip, 2 mM in drinking water). The day after trauma, glomerular filtration rate, plasma creatinine, urine kidney injury molecule-1, and albumin excretion as well as renal oxidant and antioxidant activity were measured. After trauma, compared with LZ rats, OZ rats exhibited a significant decrease in glomerular filtration rate along with significant increases in plasma creatinine and urine kidney injury molecule-1 and albumin excretion. Additionally, oxidative stress was significantly increased in OZ rats, as evidenced by increased renal NADPH oxidase activity and urine lipid peroxidation products (thiobarbituric acid-reactive substances), and OZ rats also had suppressed renal superoxide dismutase activity. Apocynin treatment significantly decreased oxidative stress and AKI in OZ rats but had minimal effects in LZ rats. These results suggest that ROS play an important role in AKI in OZ rats after traumatic injury and that ROS may be a potential future therapeutic target in the obese after trauma. obesity; trauma; acute kidney injury; reactive oxygen species; inflammation ORTHOPEDIC TRAUMA is one of the leading causes of morbidity and mortality in the United States each year, particularly in those under the age of 45 yr (7). Recently, clinical studies have shown that obese patients have an increased incidence of posttrauma remote organ failure, including acute kidney injury (AKI) (5, 13, 28), which is characterized by increased plasma creatinine, decreased glomerular filtration rate (GFR), and, often, renal morphological damage (19). However, the causative mechanisms for this, as well as the disparate pathophysiological responses to trauma in the context of obesity, are not well understood. When AKI does occur in the critically ill, it is associated with increased risk of subsequent multiple organ failure, chronic kidney disease, and mortality (29, 49, 55) . Thus, it is important to understand why it occurs more commonly in obese trauma patients so that preventative and therapeutic strategies can be developed for this patient population.
ORTHOPEDIC TRAUMA is one of the leading causes of morbidity and mortality in the United States each year, particularly in those under the age of 45 yr (7) . Recently, clinical studies have shown that obese patients have an increased incidence of posttrauma remote organ failure, including acute kidney injury (AKI) (5, 13, 28) , which is characterized by increased plasma creatinine, decreased glomerular filtration rate (GFR), and, often, renal morphological damage (19) . However, the causative mechanisms for this, as well as the disparate pathophysiological responses to trauma in the context of obesity, are not well understood. When AKI does occur in the critically ill, it is associated with increased risk of subsequent multiple organ failure, chronic kidney disease, and mortality (29, 49, 55) . Thus, it is important to understand why it occurs more commonly in obese trauma patients so that preventative and therapeutic strategies can be developed for this patient population.
ROS are a byproduct of normal metabolism and have many roles in physiological function within the kidney (3, 17, 40, 41) . When ROS are produced in excess and overpower the antioxidant systems, the resulting oxidative stress can have harmful effects (22, 41) . ROS and oxidative stress have recently been implicated in the pathogenesis of AKI in various animal models, including that induced by ischemia-reperfusion (39, 54) , sepsis (38) , severe burns (9) , toxins (44) , and rhabdomyolysis (51) . However, there are few studies that have investigated the role that ROS may play in AKI after orthopedic trauma, and while imbalance between the prooxidant and antioxidant systems has been well recognized to be present in the context of obesity (33) , it is not known if ROS play a role in the increased AKI incidence seen in the context of obesity after trauma.
The present study built on our previous work describing a novel model of orthopedic trauma in which obese Zucker (OZ) rats, a commonly used model of metabolic syndrome (8) , develop AKI within 24 h after the injury, whereas no AKI occurs in lean Zucker (LZ) rats (35) . In the present study, we tested the hypothesis that acute inhibition of ROS production after orthopedic trauma would mitigate the subsequent development of AKI in OZ rats. To investigate the involvement of ROS in the development of posttrauma AKI in the context of obesity, we evaluated renal function and tubular damage markers along with the activities of oxidant and antioxidant systems and the closely linked inflammatory cascades.
METHODS

Animals.
Male LZ and OZ rats were purchased from Harlan Laboratories (Indianapolis, IN). All rats were between 12 and 13 wk of age at the time of experimentation. Rats were fed standard Harlan Teklad rat chow ad libidum, housed at 2-3 rats/cage, and were exposed to a 12:12-h light-dark cycle. All experiments were performed with approval from the Institutional Animal Care and Use Committee of the University of Mississippi Medical Center and in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Experimental design and treatment. The following eight experimental groups were included in the present study (the control animals were those with no trauma and the trauma animals were those that had undergone orthopedic trauma 24 h earlier): 1) LZ control, 2) LZ control with sham apocynin treatment, 3) LZ trauma, 4) LZ trauma with apocynin treatment, 5) OZ control, 6) OZ control with sham apocynin treatment, 7) OZ trauma, and 8) OZ trauma with apocynin treatment. The sham treatment groups (groups 2 and 6) were used only for mean arterial pressure (MAP), GFR, and plasma creatinine measurements because differences in major outcomes were not seen with the sham treatment (see Table 1 and Fig. 1 ), whereas the other six groups were used for all measurements. We chose the 24-h time point after trauma because clinical studies have shown that AKI commonly occurs within the first 48 h after trauma (6) . In the treatment groups, apocynin (Sigma-Aldrich, St. Louis, MO) was administered directly after trauma via intraperitoneal injection (50 mg/kg), and it was also dissolved in drinking water (2 mM) and given to rats for 24 h after trauma, as we have previously described (56) . Half of the animals in each group were used for urine collection and subsequent decapitation for blood and tissue collections, whereas the other half were used for systemic and renal hemodynamic measurements. The same animals could not be used for both, due to the infusion of a radioactive substance required for the renal function measurement, as described below.
Orthopedic trauma. Trauma was performed on LZ and OZ rats, as previously described by our laboratory (35, 56, 57) . Briefly, rats were anesthetized with isoflurane (5% via inhalation), and the retrofemoral tissue groups were clamped bilaterally for 30 s with an angled Kelly clamp (19 cm) to induce soft tissue injury. Using a 15-gauge needle, the fibulas were fractured, and 1.5 ml of homogenized bone components (2 g/5 ml PBS) were then injected into the area of the injured tissue bilaterally. The bones for the bone component injection were collected from previously euthanized LZ and OZ rats. To provide analgesia, buprenorphine was injected subcutaneously at a dose of 0.01 mg/kg directly before the trauma and every 8 -12 h after trauma at a dose of 0.05 mg/kg. After the brief period of anesthesia, rats regained consciousness and were able to ambulate, had ready access to food and water, and were monitored for evidence of distress.
Systemic hemodynamic and renal function measurements. In rats used for MAP and GFR measurements, polyethylene catheters (PE-50, BD, Franklin Lakes, NJ) were inserted into the common carotid artery and external jugular vein, and rats were allowed to recover for at least 5 h before the start of the experiments. MAP was measured over a 30-min period (to reach a stable level) in control rats and those who had trauma 24 h earlier using a PowerLab data-acquisition system and LabChart software (AD Instruments, Colorado Springs, CO). GFR (reported as ml·min Ϫ1 ·g kidney wt Ϫ1 ) was measured in control rats and those who had trauma 24 h earlier over a 2.5-h period via the constant infusion method, as previously described (35) , using a scintillation counter (LS 6500, Beckman Coulter, Brea, CA) to determine levels of infused tritiated inulin (3H; Perkin-Elmer Health Sciences, Shelton, CT).
Urine measurements. Rats were placed in metabolic cages for 24 h for urine collection. Urine albumin excretion was measured via ELISA (NR002, Exocell, Philadelphia, PA), and creatinine excretion was measured by colorimetric assay (CR01, Oxford Biomedical Research, Rochester Hills, MI) to acquire the 24-h albumin-to-creatinine ratio. Kidney injury molecule (KIM)-1 excretion was measured by ELISA (RKM100, R&D Systems, Minneapolis, MN) and urine thiobarbituric acid-reactive substances (a nonspecific marker of lipid peroxidation and oxidative stress) were measured by assay (KGE013, R&D Systems). All urine markers were normalized by creatinine to account for differences in urine output between rats.
Tissue and plasma collections. After urine collection, rats were decapitated for blood and tissue collections. Blood was collected in EDTA-lined tubes in ice and centrifuged at 3,000 rpm in 4°C, and the supernatant was stored in a Ϫ80°C freezer for later use. Tissues were harvested immediately, with central hilar slices of the kidneys being placed in formalin for fixation and later histological analysis, whereas the kidney poles were snap frozen in liquid nitrogen. Frozen kidney sections were homogenized via the standard method (45) in RIPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA) containing protease inhibitors (Genentech, San Francisco, CA) and centrifuged at 12,000 g for 20 min in 4°C, and aliquots of the homogenates were stored in a Ϫ80°C freezer for later analysis.
Renal tissue homogenate measurements. Renal IL-6 was measured via ELISA (R6000B, R&D Systems). Total SOD activity in the renal tissue was measured using an assay kit (catalog no. 706002, Cayman Chemical, Ann Arbor, MI). Superoxide production by NADPH oxidase (NOX) was measured via chemiluminescence detection using a Berthold luminometer after incubation in 4 M lucigenin, as previously described (11, 58) . Myeloperoxidase (MPO) activity was determined using an EnzChek assay kit (E33856, Life Technologies, Grand Island, NY). All renal tissue measurements were normalized by tissue protein concentration (Pierce BCA Protein Assay, Thermo Scientific, Rockford, IL). Plasma measurements. Plasma TNF-␣ (RAB0479, Sigma-Aldrich) and IL-10 (R1000, R&D Systems) were measured via ELISA. Plasma creatinine was measured via colorimetric assay (CR01, Oxford Biomedical Research).
Statistical analyses. All data are presented as means Ϯ SE. ANOVA was used to make comparisons, and, when differences were observed, Tukey post hoc analyses were performed to evaluate differences between groups. All statistical comparisons were performed using SPSS statistical software (version 22, IBM, New York, NY). Statistically significant differences were deemed to be present when P Ͻ 0.05. Table 1 , rats in the OZ groups weighed more than the rats in the LZ groups, with no significant differences in weight within LZ or OZ rat groups. MAP levels were not different within any of the LZ rat groups (control vs. 24 h after trauma, with and without apocynin treatment), whereas OZ rats with trauma and those with trauma and apocynin treatment had decreased MAPs compared with control OZ rats with or without treatment with apocynin.
RESULTS
Body weights and MAP. As shown in
GFR and creatinine. Figure 1 , A and B, shows GFR and plasma creatinine levels, respectively. The day after trauma, OZ rats had a significant decrease in GFR, whereas LZ rats did not. Apocynin treatment mitigated the decrease in GFR in OZ rats with trauma, whereas sham apocynin treatment did not change GFR in either rat group. Plasma creatinine was increased in both LZ and OZ rats after trauma, with the increase being more significant in OZ rats compared with LZ rats. Apocynin significantly decreased plasma creatinine in OZ rats with trauma, whereas it had no effect in LZ rats with trauma or in sham apocynin-treated LZ or OZ animals.
Urine KIM-1 and albumin. Urine KIM-1 and albumin excretion are shown in Fig. 2, A and B , respectively. KIM-1 excretion was increased significantly in OZ rats with trauma, both compared with LZ rats with trauma and control OZ rats. Apocynin treatment significantly decreased KIM-1 excretion in OZ rats with trauma. The urine albumin-to-creatinine ratio was unchanged in LZ rats, whereas it was increased in OZ rats after trauma, with apocynin treatment significantly decreasing it in OZ rats.
Oxidant/antioxidant activity. Renal NOX activity was significantly increased after trauma in OZ rats but not in LZ rats, and apocynin treatment decreased its activity (Fig. 3A) . Renal total SOD activity was decreased in control OZ rats compared with control LZ rats and in OZ rats with trauma compared with LZ rats with trauma. Neither trauma nor apocynin treatment had an effect on SOD activity in either LZ or OZ rats (Fig. 3B) . Urine thiobarbituric acid-reactive substance levels were higher at baseline in OZ rats and increased in OZ rats but not in LZ rats after trauma, whereas apocynin treatment prevented this increase (Fig. 3C) .
Systemic and renal inflammatory markers. In both LZ and OZ rats, plasma TNF-␣ levels were increased after trauma, with the increase being significantly greater in OZ rats. Apocynin treatment decreased levels of TNF-␣ in both groups after trauma (Fig. 4A) . Plasma IL-10 levels were increased in both LZ and OZ rats the day after trauma, whereas apocynin significantly decreased levels in OZ rats with trauma (Fig. 4B) . Renal IL-6 levels were increased in OZ rats after trauma but not in LZ rats, and this increase was blunted by apocynin treatment (Fig. 4C) . MPO activity in the kidney was increased in OZ rats after trauma but not in LZ rats, whereas apocynin treatment had no effect (Fig. 4D ).
DISCUSSION
Based on previous studies showing that ROS are involved in the pathophysiology of AKI in various animal models, the goal of the present study was to determine if ROS contribute to the development of AKI after orthopedic trauma in obesity (5, 13) . In agreement with our previous work, we found that the day after trauma, OZ rats had decreased GFR and increased systemic inflammation compared with LZ rats (35) . New findings from this study include the following: 1) OZ rats have increased tubular injury compared with LZ rats after trauma, 2) OZ rats have increased renal ROS production after trauma compared with LZ rats as well as impaired baseline and posttrauma antioxidant activity, and 3) apocynin treatment attenuates AKI in OZ rats and reduces systemic and renal inflammation.
Increased renal oxidative stress in OZ rats after trauma. Studies have shown that ROS are acutely upregulated in the setting of critical illness and can have adverse effects on a number of organs (1, 18, 31, 52 ). However, little work has been done comparing the obese and lean acute oxidative stress responses to critical illness. We demonstrated that OZ rats, compared with LZ rats, have elevated oxidative stress after trauma, as evidenced by increased lipid peroxidation products in the urine after trauma. In addition, we found increased renal NOX activity along with suppressed SOD activity. This suggests that, after trauma, renal oxidative stress is exacerbated in OZ rats due at least in part to an imbalance between superoxide generation and scavenging. Our previous studies have demonstrated that OZ rats exhibit early posttrauma hyperglycemia, which contributes to increased lung NOX activity and acute lung injury (56, 57) . Recent studies by others have also demonstrated that acute bouts of hyperglycemia can lead to increases in ROS levels (32, 48) . The contributions of posttrauma hyperglycemia to renal NOX activity and AKI development after trauma in OZ rats are unclear and will be elucidated in future studies. In addition, the present study showed decreased renal SOD activity in control OZ rats compared with control LZ rats, consistent with previous findings in obese humans and animals (12, 23) . Although the mechanisms have not been thoroughly determined, these results may reveal the importance of antioxidant treatment in the obese after trauma. Indeed, we have found that apocynin treatment effectively prevents the development of AKI (present study) and acute lung injury (56) in OZ rats after trauma.
While apocynin has historically been used as an inhibitor of NOX, it has been shown to have various nonselective antioxidant effects (15, 46) , making it difficult to deduce the exact source of ROS production in our model. An important area of future research will be to better understand the mechanisms and sources responsible for the exacerbated ROS levels seen in the context of obesity after trauma. However, apocynin was ideal for use in this study because it is a highly efficacious therapy, even when used acutely (56) .
Oxidative stress-mediated renal damage in OZ rats after trauma. We observed a decrease in GFR and an increase in plasma creatinine the day after trauma in OZ rats compared with LZ rats. By the latest clinical criteria [set forth by the Kidney Disease: Improving Global Outcomes study (19) ], the renal dysfunction exhibited by our OZ rats falls well within the range of an AKI diagnosis. Apocynin treatment partially prevented this decrease in GFR and increase in plasma creatinine, suggesting that ROS are important in mediating posttrauma AKI in OZ rats. While ROS can cause direct damage to renal tubular epithelial cells (9, 39) as well as endothelial cells (16, 43) , they may also have an effect on renal hemodynamics. For example, superoxide has been shown to enhance tubuloglomerular feedback-mediated afferent arteriolar vasoconstriction (10, 27) . We previously reported a large decrease in renal plasma flow the day after trauma in OZ rats but not in LZ rats (35) . However, the contribution of ROS on hemodynamics would be difficult to determine in an injured kidney. This is because the interactions among renal hemodynamics, function, and injury are extremely complex, and the changes in perfusion and filtration can either be a cause or a consequence of renal cellular injury (4). Thus, a hemodynamic change after apocynin treatment, if present, would not prove a direct effect of ROS on renal hemodynamics. Changes in systemic blood pressure can affect renal perfusion. We did observe a significant decrease (ϳ11 mmHg) in MAP in OZ rats after trauma, whereas in LZ rats MAP was unchanged. However, it is unlikely that the decrease in GFR is caused by this decrease in MAP. Blood pressure levels are still within the autoregulatory range of the kidney, even of OZ rats, which may have an altered baseline renal autoregulatory response (30, 47) . Additionally, OZ rats with trauma that were treated with apocynin exhibited a similar decrease in MAP and had significantly higher GFR levels than untreated OZ rats with trauma. The increased GFR is not likely to be due to nonspecific vasodilator effects of apocynin, as the increase in GFR was only observed in OZ rats with trauma treated with apocynin and not LZ rats with trauma or sham groups treated with it.
In experimental models of AKI, ROS have been shown to contribute to renal damage (9, 38, 39, 54) by eliciting renal tubular cell damage and apoptosis (9, 20, 39) as well as renal endothelial cell dysfunction (16, 43) . In our study, we observed an increase in urine KIM-1 and albumin excretion after trauma in OZ rats but not in LZ rats. KIM-1 is excreted in the urine after damage to renal tubular cells, particularly those in the proximal tubule (14, 50) , and has shown promise as a clinical biomarker for early AKI (42) . Albumin is well known to be excreted in the urine in the setting of chronic kidney disease and has also been recently shown to be a biomarker for AKI (53) . Tubular injury can perpetuate AKI by leading to renal vasoconstriction, coagulopathy, and microvascular obstruction (2) . Nevertheless, the elevated urine excretion of KIM-1 and albumin after trauma in OZ rats was mitigated by apocynin, suggesting that ROS are involved in the development of the intrinsic AKI. An important consideration is whether the ROS are inducing necroptosis in the kidneys of OZ rats (26) , and this will be determined in future studies.
Oxidative stress and inflammation. After trauma, we observed a greater increase in plasma TNF-␣ in OZ rats than in LZ rats, whereas apocynin treatment significantly decreased levels of the cytokine in both groups. We previously reported an increase in plasma IL-6 levels in OZ and LZ rats after trauma (56) . These findings suggest that although OZ and LZ rats had the same injury, OZ rats may have an exaggerated innate immune response after trauma. This is important because studies have shown that markers of inflammation have a strong, direct correlation with outcomes after traumatic injury. High levels of TNF-␣ have the potential to induce necroptosis in renal cells (25) , and our data suggest that the increases in plasma TNF-␣ could be a downstream mechanism by which ROS could be inducing renal injury. Plasma IL-10 levels were also increased in both OZ and LZ rats, whereas apocynin treatment reduced its levels only in OZ rats. This suggests that 24 h after trauma is a period where both the pro-and antiinflammatory systems are upregulated. Renal IL-6 levels were increased in OZ rats but not in LZ rats after trauma, which is in agreement with our previous data showing increased macrophage infiltration after trauma in the kidneys of OZ rats (35) . Interestingly, renal MPO activity, a marker of neutrophil activity, was increased in OZ rats compared with LZ rats after trauma. However, apocynin did not decrease MPO levels, suggesting that the increased MPO activity does not mediate AKI, which is different from what we observed with the development of posttrauma acute lung injury, where MPO does appear to play a major role (56) . The relationship between ROS and inflammation has been well documented; each has been shown to be able to stimulate the other, leading to a potentially damaging positive feedback cycle (34, 37) . Our data suggest that after trauma, oxidative stress is upstream from inflammation, as shown by apocynin treatment effectively reducing inflammatory cell concentrations in both the plasma and kidney. Other investigators have shown similar anti-inflammatory effects of apocynin (21, 46) . However, inhibition of inflammatory pathways has also been shown to reduce oxidative stress and associated organ damage (24, 36) . Further studies are needed to better understand the relationship of these variables in the posttrauma physiological milieu as well as the contribution of each to remote organ injury.
Perspectives and significance. The present study shows that ROS are involved in the pathophysiology of posttrauma AKI, particularly in the context of obesity. Future studies should further elucidate the timeline and mechanisms of ROS-induced kidney injury and clarify the cellular sources and causes of increased ROS upregulation in the obese after trauma. Given that ROS have many roles in normal physiological function, it is critical to understand the appropriate balance between oxidant and antioxidant activity after trauma in lean and obese patients to improve patient outcomes.
